We explored the effects of sustained low-flow ischemia on function and metabolism in isolated neonatal hearts. The hearts were extracted from 21 piglets (1-12 days old) and set up as modified Langendorif preparations beating isometrically. They were perfused with red blood cell-enhanced buffer at controlled rates of coronary flow. Mechanical measurements, 02 usage, and substrate oxidation were determined simultaneously at 30-minute intervals for 2 hours. In control hearts, coronary flow was maintained at 1.8 ml/min/g. There was no significant change in mechanical function, diastolic compliance, or 02 or substrate metabolism after 2 hours. In the ischemia group, coronary flow was reduced to 0.2 ml/min/g and sustained for 2 hours. With the onset of ischemia, mechanical function promptly fell to 20% of control. Although 02 delivery was reduced to 11%, 02 extraction doubled so that myocardial 02 consumption was 22% of control, matching mechanical function. Glucose oxidation fell from 37 to 12 nmol/min/g, and lactate release appeared. These measures and ventricular compliance remained constant for the full 2 hours. Concentrations of glycogen and creatine phosphate did not differ from the control group; ATP was 76% of controls. These studies indicate that when myocardial 02 supply is limited, mechanical function rapidly diminishes, largely preserving critical energy stores and preventing irreversible myocellular injury. Although the signal remains to be determined, the strategy is similar to that employed by hibernating species to survive extended periods of 02 deprivation. (Circulation Research 1990;66:763-772) R educed blood flow to myocardium, or cardiac ischemia, is usually due to one of a limited number of causes. Examples include coronary vascular obstruction, systemic hypotension, and the tachyarrhythmias. Analysis of intrinsic myocardial mechanical and metabolic responses to ischemia in the in vivo system is usually confounded by the many compensatory mechanisms triggered in the organism. These often include autonomic neural activation, increased plasma concentrations of bioamines and steroids, and major changes in concentrations of substrates for myocardial metabolism.1 With these considerations in mind, the isolated heart model provides a number of advantages for studies directed to uncovering intrinsic metabolic and mechanical consequences of reduced blood flow.
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We explored the effects of sustained low-flow ischemia on function and metabolism in isolated neonatal hearts. The hearts were extracted from 21 piglets (1-12 days old) and set up as modified Langendorif preparations beating isometrically. They were perfused with red blood cell-enhanced buffer at controlled rates of coronary flow. Mechanical measurements, 02 usage, and substrate oxidation were determined simultaneously at 30-minute intervals for 2 hours. In control hearts, coronary flow was maintained at 1.8 ml/min/g. There was no significant change in mechanical function, diastolic compliance, or 02 or substrate metabolism after 2 hours. In the ischemia group, coronary flow was reduced to 0.2 ml/min/g and sustained for 2 hours. With the onset of ischemia, mechanical function promptly fell to 20% of control. Although 02 delivery was reduced to 11%, 02 extraction doubled so that myocardial 02 consumption was 22% of control, matching mechanical function. Glucose oxidation fell from 37 to 12 nmol/min/g, and lactate release appeared. These measures and ventricular compliance remained constant for the full 2 hours. Concentrations of glycogen and creatine phosphate did not differ from the control group; ATP was 76% of controls. These studies indicate that when myocardial 02 supply is limited, mechanical function rapidly diminishes, largely preserving critical energy stores and preventing irreversible myocellular injury. Although the signal remains to be determined, the strategy is similar to that employed by hibernating species to survive extended periods of 02 deprivation. (Circulation Research 1990;66:763-772) R educed blood flow to myocardium, or cardiac ischemia, is usually due to one of a limited number of causes. Examples include coronary vascular obstruction, systemic hypotension, and the tachyarrhythmias. Analysis of intrinsic myocardial mechanical and metabolic responses to ischemia in the in vivo system is usually confounded by the many compensatory mechanisms triggered in the organism. These often include autonomic neural activation, increased plasma concentrations of bioamines and steroids, and major changes in concentrations of substrates for myocardial metabolism.1 With these considerations in mind, the isolated heart model provides a number of advantages for studies directed to uncovering intrinsic metabolic and mechanical consequences of reduced blood flow.
This study has focused on neonatal myocardium, which may or may not differ from adult myocardium with respect to patterns of response to ischemia. Effects of subtotal normothermic ischemia on cardiac mechanical function, oxygen consumption, and substrate metabolism were simultaneously determined. The preparation used was the in vitro piglet heart studied under carefully defined conditions that reflect those found in vivo.23 Thus, washed red blood cells were added to the buffer perfusate to provide adequate 02 delivery at physiological coronary flow rates and extraction ratios.4 All studies, including those during ischemia, were done under normothermic conditions. The objective was to replicate events expected to occur in vivo when myocardial blood flow is sharply curtailed.5 Identification of specific metabolic changes should provide a rational basis for approaching myocardial preservation.
In these studies, coronary flow (CF) was reduced to about 10% of expected in vivo values and sustained at that level for 2 hours. The choice of low-flow ischemia (rather than total ischemia) was made on the basis of two considerations. The first was to replicate circumstances in which collateral blood flow might be present, in this case reflecting 10% of total myocardial blood flow. Second, it would be possible with the low-flow system to measure mechanical and metabolic function at intervals over the desired time course. In preliminary studies, we found that mechanical function in the neonatal piglet heart ceases shortly after the onset of total ischemia and standard metabolic measurements are obviously not possible. It was anticipated that reducing myocardial blood flow to 0.2 ml/min/g under normothermic conditions would cause progressive cellular injury, with functional and metabolic deterioration. Instead, a high degree of preservation of myocellular processes was demonstrated. Interrelations of mechanical function, oxygen and substrate metabolism, myocardial glycogen content, and high-energy phosphate concentrations are described.
Materials and Methods
Piglets delivered by sows obtained from a commercial breeder were used. Details are presented in Table 1 . Seven hearts from animals ranging in age from 1 to 11 days (mean±SEM, 5.4+1.3 days) were studied as controls. Eight hearts from animals ranging in age from 1 to 12 days (mean±SEM, 7.2+1.2 days) served as the ischemia group. A third group of six hearts was used to assess the effects of graded reductions in CF. All animals were given sodium pentobarbital (25 mg/kg i.p.) to produce general anesthesia. Anticoagulation was provided with sodium heparin (1,000 units) injected into an ear vein. A tracheostomy was performed, and mechanical ventilation was begun. Hearts were excised rapidly by transection of the pulmonary hila and great vessels and immediately placed in ice-cold Krebs-Henseleit (KH) solution.
Cardiac Preparation and Perfusion System
The aorta was cannulated, and coronary perfusion was initiated at 70 cm H20 pressure using a modified Langendorff system. This is depicted in Figure 1 . Details of the system have been described previously.4'6 The pulmonary artery was cannulated, and the pulmonary veins and venae cavae were ligated. The time that elapsed between excision of the hearts, weighing, and initiation of retrograde perfusion was less than 10 minutes. Perfusate temperature was maintained at 370 C by a heat exchanger, and arterial oxygenation was accomplished by passing a mixture of 95% 02-5% CO2 through the perfusate in the Langendorff column.
A fluid-filled balloon was passed into the left ventricle via the left atrium and mitral valve. The proximal end of the balloon was connected to a pressure transducer (Gould, Cleveland, Ohio) with a short segment of double-lumen polyethylene tubing. A tie was placed around the left atrium to secure the balloon and to prevent potential shunting of perfusate across a patent foramen ovale. Hence, coronary venous return egressed from the pulmonary artery.
Left ventricular end-diastolic pressure was incrementally increased by changing the volume of fluid in the balloon. The corresponding changes in ventricular systolic pressure and dP/dtm,, were recorded.
Curves demonstrating these relations in a typical experiment are shown in Figure 2 . Heart rate was controlled by a pacing electrode secured to the right atrium. Frequencies chosen were generally 10-20 beats/min greater than intrinsic heart rate. The isolated heart was enclosed in a water jacket to maintain constancy of myocardial temperature. An in-line Swank transfusion filter (model IL-200, Extracorpo-FIGURE 1. Schematic diagram of apparatus for controlledflow perfusion of isovolumic heart preparation. 0, film oxygenator; B, bubble trap; AR, auxiliary reservoir; C, coilcondenser heat exchanger; S, sampling port; M, screw clamp; P2, perfusion pump; W windkessel; H, water-jacketed heat exchangers; T and T1, transducers; BC, balloon inflation system; CF, coronary flow (from pulmonary artery); R, primary reservoir; F, filter; P, perfusate return pump. Heat exchangers were fed by Haake water bath at 380 C.
real Medical Specialties, Beaverton, Oregon) was incorporated into the system to filter microaggregates.
Perfusate Composition
Packed human red blood cells were washed three times with KH containing 0.5% bovine serum albumin (BSA) (Cohn Fraction V, United States Biochemicals, Cleveland, Ohio) and twice with a 2% BSA-KH solution just before use. The perfusate consisted of a modified KH solution containing 2% BSA, 5 mM glucose, 1.5 mM lactate, 0.15 mM free fatty acids, 100 microunits insulin, and the following ions (mM): NaCl 118, KCl Measurements were recorded after incremental increases in balloon volume (usually in 0.05-ml steps). Values obtained at left ventricular end-diastolic pressure of 10 cm H20 (arrows) were used for quantitative comparison of contractile performance. No important change in performance is evident 2 hours after the initial curve was obtained (triangles). HR, heart rate.
hematocrit of 20%, comparable with that of newborn piglets.3 A nonrecirculating system was used to allow steady-state concentrations of substrates to be delivered to the heart and to avoid possible effects from unrecognized metabolites.
Metabolic Measurements
CF was measured by timed collections of the pulmonary arterial (coronary venous) effluent. Samples were obtained anaerobically in syringes simultaneously from the pulmonary artery and aortic perfusion cannula. Myocardial oxygen consumption (MVo2) was calculated from the product of the measured arteriovenous oxygen content difference and CF. Oxygen content was measured directly with a Lex-02-Con M analyzer (Lexington Instruments, Lexington, Massachusetts).
Glucose uptake and lactate uptake/release were calculated from the product of the measured arteriovenous substrate concentration difference and CF. Both glucose and lactate concentrations were determined enzymatically according to Lowry and Passonneau.7
Glucose oxidation was determined from the production of 14CO2 from '4C-labeled glucose. Three milliliters each of arterial and venous samples (in triplicates) were collected anaerobically and transferred to stoppered incubation flasks (Erlenmeyer) containing 2 ml of 0.5 M HCl (to release C02). The flasks were shaken in a shaker bath at room temperature and at 60 strokes/min for an hour and allowed to stand overnight. The wells were then removed, placed in 5 ml Ready-Safe liquid scintillation cocktail (Beckman Instrument, Fullerton, California), and counted in a Beckman-150 liquid scintillation counter. The rate of glucose oxidation was calculated from '4CO2 production and specific activity of labeled glucose in the perfusate.
Immediately after perfusion, the apical half of each heart was freeze-clamped and powdered at liquid nitrogen temperature. The samples were stored in liquid nitrogen until use. A portion was deproteinized with perchloric acid and used for the determinations of creatine phosphate and ATP.7 Glycogen content was measured colorimetrically.8
Experimental Protocol
Shortly after completing the mechanical preparation of the heart, CF was switched from a passive controlled mode to a pump-controlled system using a precalibrated pump (Cole-Parmer Instrument, Chicago, Illinois) ( Figure 1 ), with recirculation of the perfusate. Flow was set at approximately 2 ml/min/g (total heart weight). Measured coronary venous return (pulmonary arterial flow) differed less than 5% from the selected pump (input) setting. A ventricular function curve was then obtained by progressively increasing balloon volume in 0.05-ml increments over a range of end-diastolic pressure from 0 to 15 cm H20. Arterial and venous perfusate samples were drawn for the various analyses. The heart was then switched to a nonrecirculating mode with buffer containing '4C-labeled glucose. Thirty minutes later, a second control function curve and samples (including those for glucose oxidation) were obtained. Immediately thereafter, CF was reduced to 0.2 ml/ min/g (ischemia group). Studies were repeated at 30-minute intervals for a total of 2 hours of ischemia. Control hearts were treated identically, except that CF was maintained at approximately 2 ml/min/g. After completion of the 2-hour study, the hearts were freeze-clamped, and myocardium was subsequently analyzed as described above.
A third group of six hearts was used to establish the relation of graded reductions in CF to mechanical function and 02 metabolism. In these, CF was set at approximately 2 ml/min/g, and the various measurements were obtained. CF was then reduced in steps to 75%, 50%, 25%, and 10% of initial levels. After approximately 15 minutes of equilibration at each step, measurements and samples were repeated.
Mechanical performance and MVo2 for each level of CF were determined. Data Reduction and Statistical Analyses By use of linear regression analysis of data from the ventricular function curves ( Figure 2 ), peak systolic pressure (PSP10) and dP/dtm, were calculated for a uniform end-diastolic pressure value of 10 cm H20. The product of PSP10 and heart rate, the pressure-rate product (PRP1O), was calculated. The PRP1o provides a method for quantification of the performance of a given heart that can be compared at various points in time or with other hearts. Moreover, this assessment of contractile function proved tightly linked with oxygen consumption. FIGURE 3. Graphs showing comparison of mean values for various mechanical measurements obtained at 30-minute intervals. PSP, peak systolic pressure; HR, heart rate; PRPF pressure-rate product. All values were calculated for left ventricular end-diastolic pressure of 10 cm H20. There was an immediate fall in all measurements (p<0.001) when coronary flow was reduced to 10% of control (closed circles). Values at 120 minutes did not differ from those at 30 minutes. In the control group (open circles), mechanical measurements at 120 minutes were unchanged from initial control (C). Vertical brackets are standard error of the mean.
Each function curve was obtained by adding precisely measured increments of fluid to the balloon. This was done so that dynamic compliance of the left ventricle could be assessed from the relation of volume change to end-diastolic pressure change in the range of 0-15 cm H20. Slopes of this relation were calculated for each 30-minute interval and taken as a quantitative estimate of diastolic stiffness. In all cases, the correlation coefficient was greater than 0.9.
Data were analyzed with the aid of a Digital Rainbow computer (Digital Equipment Corporation, Maynard, Massachusetts) and are presented as mean+SEM. CF, MVo2, and substrate uptake and oxidation have been expressed per gram total wet heart weight. Student's paired or unpaired t test was employed to assess differences between two groups. Two-way multivariate analysis of variance, followed by the Newman-Keuls test, was used for multiple group comparisons. Differences were considered significant with values of p<O0.01.
Results

Cardiac Function
Mechanical function of the hearts in each group is summarized by the data shown in Figure 3 ±5.5
±8.8 C1 and C2, first and second control curves; I, minutes of ischemia indicated by subscript. No significant differences between groups were identified. beats/min throughout the course of the experiment. Initial PRP10 averaged 21.4 (xli0`) units and was 19.8 (xlO3) units after 2 hours of study (p=NS). This indicates a high degree of stability of mechanical performance and contractility. These measurements are also reflected by the minimal changes in dP/dt1o shown in Figure 3 . Average values at 2 hours were 1,640-+-130 mm Hg/sec, compared with initial values of 1,850±160 mm Hg/sec (p=NS).
Effects of reducing CF to 0.2 ml/min/g on mechanical performance are also summarized in Figure 3 (closed symbols). PSP10 rapidly fell from 110±12 mm Hg in the control period to 68±4 mm Hg when measured 30 minutes later. Most hearts were initially paced at about 180 beats/min (mean±SEM, 174+4 beats/min). However, after reduction of CF, hearts failed to follow stimulation at this rate. During ischemia, five hearts were paced at approximately 60 beats/min, and three hearts were paced at approximately 30 beats/min. It is noteworthy that, compared with values at 30 minutes, none of the indexes of contractility, nor heart rate, showed a significant further reduction with increasing duration of ischemia. This is reflected in the PRP10, which fell from 19.2±2.0 to 4.1±0.3 (unitsxlO-3) at 30 minutes of ischemia. After 120 minutes, the value was virtually identical (3.4±0.3 unitsxlO-3). Moreover, dP/dtma,, followed a pattern that was proportionally similar to PRP10. The mean value for the group fell from 1,550+200 to 450±50 mm Hg/sec at 30 minutes of ischemia. After 2 hours, dP/dtmn,, averaged 420±30 mm Hg/sec. Thus, by all the measures used, mechanical function fell rapidly as CF was reduced but remained stable over the subsequent 2 hours of normothermic ischemia.
Estimation of Left Ventricular Diastolic Stiffness
A highly significant relation between pressure changes and volume increments was observed for each heart. The average slopes of this relation at each time interval are summarized in Table 2 for each group. After 2 hours of ischemia, the slopes averaged 51.9±8.8 mm Hg/ml. This was identical with mean values (51.8±8.4) obtained at the corresponding time in the control group. While stiffness tended to increase in both groups after the initial control period, these changes did not reach statistical significance. At none of the time points did the mean values for the ischemic group differ from controls.
Oxygen Delivery and Metabolism
Data from the control and ischemic groups are compared in Figure 4 . In the controls, 02 delivery remained essentially constant during the 2-hour study period, averaging 13-14 ml/min/100 g heart (lower panel). MVo2 also remained quite stable, averaging 1.80±+ 0.20 gumol/min/g initially and 1.76+0.12 gmol/min/g at 2 hours (upper panel) (p=NS). Initial values for the ischemia group were identical with controls for each parameter. During ischemia, 02 delivery fell from 14.8±1.4 to 1.6±0.4 ml/min/100 g and remained at this level for the duration of the study (Figure 3 control and ischemia groups. In the latter, 02 delivery remained constant at 10% of initial control (C), and MVO2 remained at 20%. No decline in MVO2 was observed after 2 hours. Vertical brackets are standard error of the mean. Control   16  184  184  184  31  28  29  19  170  176  172  28  21   27   23  227  223  214  29  25  29  24  103  132  110  34  35  42  27  160  170  165  28  23  21  30  199  194  199  30  25  27  33  189  196  185  18  23 Initial values for MVo2 in the ischemia group averaged 1.88+0.10 ,umol/min/g. With the initiation of low CF, MVo2 fell to 0.42+0.03 ,umol/min/g and remained at that level during the 2 hours of ischemia (Figure 4, upper panel) . 02 extraction increased from approximately 30% to 60% (Table 3) . Thus, although 02 delivery was reduced to 1 1 % of control, MVo2 fell to 22% of control. The latter correlates closely with the reduction of PRPIo to 21% of control after the onset of ischemia.
Substrate Oxidation
Glucose oxidation rates for the two groups are presented in Figure 5 (upper panel). In controls, initial glucose oxidation averaged 42±16 nmol/min/g and tended to increase as the experiment progressed. In contrast, in the ischemia group, glucose oxidation rate, which was initially 37±4 nmol/min/g, fell to 11±2 with the onset of ischemia (p<0.001). It remained stable at this reduced rate throughout the study, averaging 15±2 nmol/min/g at 2 hours.
Lactate uptake (or release) by these hearts is shown for each study point in Figure 5 (lower panel). The control group manifested rather large variations between hearts and at different time points. However, mean values were uniformly positive at each point. Uptake in controls initially averaged 95±73 nmol/min/g. During the subsequent 2 hours, the overall average rate of uptake was 206.8±64.1 nmol/ min/g. This contrasts sharply with results from the ischemia group. Initial lactate uptake was 185±160 nmol/min/g. Thirty minutes after the onset of ischemia, negative uptake (release) of lactate was dem- ATP was 24% lower in the latter (*p<c0.02), but groups did not differ significantly in CP or glycogen concentrations.
Vertical brackets are standard error of the mean. All measurements were made at the end of each experiment after freezeclamping the heart. onstrated in all hearts. This remained quite stable, averaging -127.8+5.4 nmol/min/g over the 2-hour duration of ischemia (p<0.01).
Myocardial ATP, Creatine Phosphate, and Glycogen Concentrations Immediately after the 2-hour study period, each heart was freeze-clamped, and left ventricular samples were maintained in liquid N2 for subsequent analysis of high-energy phosphate and glycogen concentrations. The results are illustrated in Figure 6 . In controls, in which CF averaged 1.8 ml/min/g, ATP at the conclusion of the experiment averaged 26.6+1.5 ,umol/g (dry). In the ischemia group (CF, 0.2 ml/ min/g), ATP concentration averaged 20.2+1.9 mol/g. Although this reduction was significant (p<0.02), ATP concentrations in the ischemic hearts remained at 76% of values found in the well-perfused controls. Creatine phosphate concentrations averaged 38.3+±4.3 ,umol/g in controls and 32.7+3.0 gmol/g in the ischemic group. This difference was not significant, indicating that creatine phosphate was well maintained in the low-flow group. Moreover, glycogen concentrations are identical in the two groups, averaging 300 ,umol/g ( Figure 6 , right panel).
Responses to Incremental Reductions in Coronary Flow
In the course of these studies, it became apparent that there was a close linkage between changes in CF and mechanical performance and that the delay in recognition of flow changes must be very brief (< 1-3 heart beats). To further clarify these relations, addi- [PRP1o]) and simultaneous measurements of myocardial 02 consumption (MVOJ2) Both measurements were closely in parallel and nearly linear (r=0.99). A tight linkage to coronary flow (and 02 delivery) is present. Vertical brackets are standard error of the mean. tional hearts were studied during stepwise reductions in CF. As shown in Figure 7 , a virtually linear relation (r=0.989) between CF and function (PRP10) was found. Moreover, MVo2 precisely followed mechanical function. Whereas 02 delivery fell to 10% of control, MVo2 fell to 20% (from 2.38±0.25 to 0.47±0.06 ptmol/min/g). This difference is explained by the fact that 02 extraction progressively rose from 32% to 63% as CF and 02 delivery fell.
Discussion
The purpose of this study was to define the principal metabolic and functional characteristics of neonatal hearts subjected to extended and severe reductions in CF. The physiological level of CF in adult pigs is approximately 1.3 ml/min/g.9 Although in vivo values for the neonatal piglet are unavailable, CF averages about 1 ml/min/g in the lamb.10 Accordingly, 2 ml/min/g was chosen as the appropriate control value for the in vitro hearts perfused with red blood cell-enhanced buffer in which the hematocrit was 20%. Evidence that adequate myocardial oxygenation was achieved includes 02 delivery in the range of 14-15 ml/min/100 g, low 02 extraction (<30%), systolic left ventricular pressure generation comparable with in vivo values, and consistent lactate uptake. With these considerations in mind, it would seem appropriate to define a reduction in CF to 10% of control, or 0.2 ml/min/g, in the absence of hypothermia, as a severe level of ischemia. The study was designed to measure metabolic and performance characteristics during a 2-hour course of sustained ischemia. It was anticipated that substantial deterioration would appear; however, this did not take place.
0-PRP1o
A *-M2) t A~~~~~~~(n=6) A Immediately after 02 delivery was reduced to 10% of control, intrinsic heart rate and two indexes of contractility (PRP1, and dP/dtmax) fell dramatically (Figure 3 ). MVo2 fell to 20%, and glucose oxidation fell to 25-30% of control, while lactate release appeared. The proportional changes in mechanical function were virtually identical to the reductions in metabolic activity. These remained remarkably constant during the 2-hour study period. No change suggesting a trend to deterioration of either mechanical ( Figure 3 ) or metabolic function (Figures 4 and  5) appeared. Although lactate release occurred, this also remained at a constant level. These observations are consistent with the findings that myocardial concentrations of glycogen were identical with the control group (300 ,gmol/g), that creatine phosphate concentrations were not significantly lower, and that ATP concentrations were only 24% lower than controls after 2 hours of severely reduced CF ( Figure 6 ).
The foregoing changes are remarkably similar to those described for a variety of hibernating animals.'11'2 In these, both 02 consumption and heart rate during hibernation fall to the range of 5% of the fully active state. Metabolic activity is markedly suppressed. This complex process, which is probably triggered by autonomic activity,12 is not dissimilar from the effects of 02 lack on many tissues, especially muscle. Thus, 02 consumption in muscle has been shown to relate directly to 02 availability over the full range studied. 13 The foregoing observations on skeletal muscle also apply to myocardium. This is demonstrated by the data shown in Figure 7 in which there is a tight linkage between 02 delivery (CF) and MVo2 (r=0.989). Of particular interest is the precisely parallel change in mechanical function with each change in MVo2 as CF and O2 delivery are altered. Slowing of function and metabolism with 02 lack is a significant protective mechanism used by various hibernating animals."11'2 It likely explains the absence of progressive deterioration of the piglet hearts and the preservation of high-energy phosphate and glycogen concentrations. In any event, loss of the latter would not explain the rapid onset and sustained low level of cardiac function.
The early appearance of reduced myocardial contractility after coronary occlusion has long been recognized. [14] [15] [16] In the dog, function begins to deteriorate within 5 seconds of occluding a coronary artery.14 A similarly rapid onset is seen in the isolated rat heart.17 Within 1-3 beats, detectable changes in mechanical function were evident as CF was altered in the isolated piglet hearts (data not shown). Hence, there is some signal that rapidly translates reduced CF to reduced mechanical function. The nature of this signal is presently uncertain. However, it is clearly independent of neural factors or circulating hormones because the phenomenon is at least as pronounced in the in vitro system. Therefore, it is presumably an intrinsic myocardial regulatory mechanism. The extremely close relation between 02 delivery and cardiac function and 0°metabolism would appear to link some aspect of 02 availability to such a signal. Interstitial "washout" is an important consideration in severe ischemia where pH changes affect substrate metabolism. 18 However, it appears that CF substantially regulates mechanical function within a range above that in which significant acidosis or anaerobic metabolism would be expected to occur (Figure 7) .
Evidence from the literature suggests that the effects on myocardial function and viability of reduced CF differ substantially in the in vivo system from the in vitro model. For example, Liedtke et a1' found that, in the same species, the adult pig, reducing coronary flow by 60% in the in situ heart caused a sharp reduction in myocardial ATP and glycogen concentrations, with deterioration of function and death of the animal within 20 minutes. As little as 5-15 minutes of coronary occlusion followed bv reflow in the intact dog leads to sustained depression of myocardial contractility. 19 Some studies suggest that this may be explained by loss of ATP.20,1' However, recent work by Ito et al19 demonstrates that these hearts respond normally to calcium. This would be difficult to explain by an ATP depletion hypothesis. Moreover, depressed systolic function in hypoxia is accompanied by minimal changes in ATP concentration measured by nuclear magnetic resonance. 22 There can be no doubt that extreme levels of myocardial ischemia sustained for several hours will result in marked loss of high-energy compounds and essentially complete shutdown of contractile function.23 This has been demonstrated in isolated rabbit hearts perfused with crystalloid buffer at 0.46 or 0.064 ml/min/g. Here the 02 carrying capacity and delivery were obviously very small. As might be expected, contracture was a feature of these hearts,23 presumably due to loss of ion pump function. Such studies may be difficult to interpret in relation to in vivo physiology, however. There is ample evidence that rabbit hearts, if perfused with crystalloid solutions, are hypoxic and hypodynamic.24,25 This can be prevented by the addition of washed red blood cells to the perfusate.24,26 Adequate 02 delivery is thereby achieved, with coronary flow and 02 extraction values in the physiological range. As demonstrated by this and previous studies from our laboratory,4'6 these considerations also apply to the much larger piglet heart. With CF averaging 1.8 ml/min/g, 02 delivery was more than 14 ml/min/g, and extraction was less than 30%. This likely contributed to the prolonged functional stability of these hearts ( Figure 3 ) and excellent preservation of myocardial high-energy phosphate and glycogen concentrations after several hours of perfusion ( Figure 6 ). Hence, these preparations reasonably reflect the physiological condition of in vivo hearts devoid of neural or hormonal regulation.
Increased ventricular wall stiffness is a common finding in hearts subjected to regional ischemia14 or severe global ischemia.10'18 In the present experiments, evidence for changes in wall stiffness was sought by relating changes in end-diastolic pressure to changes in volume added to the ventricular balloon. The slope of each line was taken to reflect compliance of the ventricle (Table 2) . Although these values tended to increase over the first hour (C1 to 130 in Table 2 ), calculated slopes at each time interval were identical in the controls and the ischemia group. Thus, after 2 hours of markedly reduced CF (0.2 ml/min/g) without hypothermia, none of the hearts showed gross evidence for contracture. This is consistent with the observed preservation of most of the high-energy phosphates and glycogen stores. However, it should be pointed out that application of more sophisticated curve analysis to calculate modulus of chamber stiffness and pressure-volume relations might have demonstrated changes not identified by our methods.
A major factor in the preservation of ATP and creatine phosphate was the 80% reduction in mechanical function and consequent marked fall in energy requirements for contraction. A second factor was ATP generation, which at least in part emanated from anaerobic pathways. Thus, with the onset of ischemia, glucose oxidation fell markedly to 25-30% of control ( Figure 5 ), and significant lactate release appeared. It is noteworthy that glucose uptake did not diminish during ischemia but remained at control values of approximately 125 nmol/min/g. This may explain the preservation of glycogen stores in that glucose uptake was sufficient to provide the substrate for anaerobic glycolysis to lactate.
A relevant study by Jennings et a127 has compared the effects of in vivo with in vitro cardiac ischemia. These workers demonstrated that in vivo ischemic changes are dramatically enhanced in terms of rapidity of onset and/or severity. Viewed from the opposite perspective, for a comparable ischemic insult, the in vitro heart is far more resistant to injury. Although reasons have not been specifically identified, it is likely that autonomic and hormonal factors associated with the intact circulation are major contributors. Hormonal stimulation of mechanical and metabolic activity may substantially override the intrinsic hibernation system. This would lead to accelerated loss of nucleotides and substrates and more rapid failure of contractile and ion pump function.
The present study suggests that the heart has an intrinsic capacity to match its level of performance to available supply conditions over a broad range. An apparently similar observation has been made in humans with ischemic heart disease, in which the term "hibernating myocardium" was used. 28 The phenomenon appears to be independent of highenergy phosphate concentrations. The signal that governs the system is unknown, but a close relation to 02 supply is evident. The physiological "rationale" for such a mechanism would be to protect ion pump function and cell membrane integrity, hence, the viability of the cell. The effect of in vivo hormonal stimulation is to partially override the protective system and cause accelerated cell injury and death.
